
A

i
t

v
s
i
(
c
w

P
©

K

1

i
d
i

0
d

Available online at www.sciencedirect.com

Journal of Virological Methods 147 (2008) 118–126

Oligonucleotide microarray-based detection
and genotyping of Plum pox virus

Graziella Pasquini a, Marina Barba a,∗, Ahmed Hadidi b,1, Francesco Faggioli a, Rodolfo Negri c,
Iris Sobol d, Antonio Tiberini a, Kadriye Caglayan e, Hamed Mazyad f, Ghandi Anfoka g,

Murad Ghanim h, Mohammad Zeidan i, Henryk Czosnek d

a CRA-Istituto Sperimentale per la Patologia Vegetale, Via C.G. Bertero 22, 00156 Rome, Italy
b Agricultural Research Service, United States Department of Agriculture, Beltsville, MD 20705, USA

c Laboratorio di Genomica Funzionale e Proteomica dei Sistemi Modello, Dipartimento di Biologia cellulare e dello Sviluppo,
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bstract

Plum pox virus (PPV) is the most damaging viral pathogen of stone fruits. The detection and identification of its strains are therefore of critical
mportance to plant quarantine and certification programs. Existing methods to screen strains of PPV suffer from significant limitations such as
he simultaneous detection and genotyping of several strains of PPV in samples infected with different isolates of the virus.

A genomic strategy for PPV screening based on the viral nucleotide sequence was developed to enable the detection and genotyping of the
irus from infected plant tissue or biological samples. The basis of this approach is a long 70-mer oligonucleotide DNA microarray capable of
imultaneously detecting and genotyping PPV strains. Several 70-mer oligonucleotide probes were specific for the detection and genotyping of
ndividual PPV isolates to their strains. Other probes were specific for the detection and identification of two or three PPV strains. One probe
universal), derived from the genome highly conserved 3′ non-translated region, detected all individual strains of PPV. This universal PPV probe,

ombined with probes specific for each known strain, could be used for new PPV strain discovery. Finally, indirect fluorescent labeling of cDNA
ith cyanine after cDNA synthesis enhanced the sensitivity of the virus detection without the use of the PCR amplification step.
The PPV microarray detected and identified efficiently the PPV strains in PPV-infected peach, apricot and Nicotiana benthamiana leaves. This

PV detection method is versatile, and enables the simultaneous detection of plant pathogens.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Plum pox virus (PPV), the causal agent of sharka disease,

s a member of the genus Potyvirus and the family Potyviri-
ae. PPV is the most damaging pathogen of stone fruit trees;
t has been responsible for serious losses to apricot, plum,
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each, and possibly cherry orchards. Yield losses may reach
0–100% in susceptible plum cultivars (Kegler and Hartmann,
998; Waterworth and Hadidi, 1998; Hadidi and Candresse,
999, 2001).

Currently, six PPV strains (types or subgroups) are recog-
ized on the basis of serological and nucleic acid-based typing

rocedures. These are: PPV-Dideron (D), PPV-Marcus (M),
PV-Cherry (C), PPV-El Amar (EA), PPV-Winona (W), and
PV-Recombinant (Rec) (Candresse and Cambra, 2006). The
rst four strains are the most common and well studied. PPV-W

mailto:m.barba@ispave.it
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as reported and eradicated from two infected plum trees in
anada (James et al., 2003). PPV-Rec is a natural recombinant
etween PPV-D and PPV-M strains (Glasa et al., 2004).

Some PPV strains may be distinguished by their biological
roperties. For example PPV-M is more damaging to infected
each plants than other strains. PPV-C infects cherry trees as
ell as other stone fruit trees; however, cherry trees are immune

o infection by the other PPV strains. The identification of PPV
n the infected samples as well as the identification of the specific
PV viral strain(s) is an important prerequisite for sharka con-

rol, especially in those countries in which the virus is endemic
nd the eradication of the disease is more difficult.

PPV is a very important quarantine agent that needs to be
ontrolled by official phytosanitary measures aimed at prevent-
ng its entry and spread into countries where it does not occur
Barba, 1998; Foster and Hadidi, 1998). It is also a significant
ertification agent in many countries where it occurs so that its
pread in stone fruit orchards may be controlled (Barba, 1998).
ence, the development and improvement of innovative tech-
ologies for PPV detection and differentiation of its strains are
ommon objectives.

Historically, PPV has been detected by biological indexing
n GF 305 peach indicator seedlings that produce typical PPV
eaf shoe string symptoms in 4–6 weeks in the greenhouse
Gentit, 2006), and by enzyme-linked immunosorbent assay
ELISA) with polyclonal antibodies (Clark and Adams, 1977).
he emergence of reverse transcription-polymerase chain reac-

ion (RT-PCR) for plant pathogen detection (Hadidi and Yang,
990) revolutionized plant viral diagnostics and made it possi-
le to develop RT-PCR methods for PPV detection in the early
990s (Wetzel et al., 1991, 1992; Levy and Hadidi, 1994).

Currently, PPV is detected by ELISA with polyclonal or mon-
clonal antibodies (Cambra et al., 2006), RT-PCR (Olmos et al.,
006), and quantitative real time RT-PCR (Schneider et al., 2004;
arga and James, 2005). The later technique detects the virus or

ts strains and provides quantification of the PPV viral target.
There are limitations to the current PPV detection meth-

ds. Biological indexing is time consuming, labor intensive
nd requires greenhouse space. ELISA depends on the quality
nd availability of PPV polyclonal and monoclonal antibodies;
here are also several disadvantages for the use of polyclonal
ntibodies (Cambra et al., 2006).

Limitations on the use of monoclonal antibodies may include:
i) unsuccessful detection of PPV during the dormant period of
tone fruit trees; (ii) assay results must be confirmed in key
ases by molecular methods (Cambra et al., 2006); (iii) in some
ases, typing of PPV isolates by subgroup-specific monoclonal
ntibodies does not always correspond with molecular typing,
hich may result in discrepancies (Candresse et al., 1998a;
uiot-Douine et al., 2001). In addition, the evolution of viral

erotypes may interfere with the reliability of the method, and
nly one virus is detected per assay.

With RT-PCR and real-time RT-PCR methods, because of

he difficulty in designing compatible multiplex primer sets, the

aximum number of viruses or their strains detectable in a single
ssay is relatively small, and discrimination among viral strains
ay require additional labor-intensive procedures.

s
u

al Methods 147 (2008) 118–126 119

DNA microarrays were first described in 1995 (Schena et al.,
995) for simultaneous analysis of large-scale gene expression
atterns. Since then, this technology has attracted great inter-
st among biologists; recently it has been utilized in plant virus
nd other plant pathogen detection (for review see Hadidi et al.,
004; Barba and Hadidi, 2007). To address the limitations relat-
ng to the detection of PPV and its strains, a genomic approach,
ased on the viral nucleotide sequence has been developed.
his approach uses oligonucleotide DNA microarray technol-
gy. More specifically, a long 70-mer oligonucleotide DNA
icroarray has been designed with the potential to simultane-

usly detect PPV and its strains from many samples in a single
ssay. This study describes the validation of this DNA microar-
ay by using different strains of PPV from infected stone fruit
r Nicotiana benthamiana leaves.

. Materials and methods

.1. Virus strains and their sources

The four common and well-studied strains of PPV (D, M,
and EA) were used in this investigation and maintained in

lants that showed PPV symptoms in a greenhouse under con-
rolled conditions. PPV-D in infected peach plants (ISPaVe
58.2) (the abbreviation ISPaVe stands for Istituto Sperimen-
ale per la Patologia Vegetale) was from Rome, Italy. PPV-M
n infected peach plants (ISPaVe 167.4) was from Veneto, Italy.
PV-C in infected N. benthamiana (ISPaVe 148.2) was obtained
rom Agritest company, Bari, Italy. PPV-EA in infected apricot
lants (ISPaVe 172.3) was from Egypt.

N. glutinosa plants systemically infected with an isolate
f Turnip mosaic virus (TuMV) (from Rome, Italy) and non-
nfected peach seedlings were used in control experiments.
uMV was chosen since it belongs to the genus Potyvirus, as
oes PPV. All members of this genus are characterized by several
ighly conserved genomic regions.

.2. RNA extraction

Target RNA was extracted from the symptomatic leaves of
lants infected by each of the four PPV strains as well as from
lants infected with TuMV and uninfected plants. Total RNA
as extracted from 100 mg of leaf tissue using a RNeasy Plant
ini kit (Qiagen Inc., Valencia, CA). Total RNA (TRNA, host

nd viral) was recovered (50 �l) and its concentration was esti-
ated by measuring its absorbance at 260 nm using a NanoDrop

pectrophotometer (NanoDrop Technologies Inc., Wilmington,
E, USA). A cDNA was obtained from plant TRNAs by using
ligodT and random primers and its concentration was deter-
ined as above (see Section 2.5 for details).

.3. Primer design for confirming the identity of PPV
trains by cloning and sequencing
PPV strains used in this investigation were typed by the
equencing of clones obtained from RT-PCR products amplified
sing universal primers designed on the basis of the sequence
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lignment of the PPV strains. The nucleotide sequences of the
rimers are:

PPVUr: 5′-CCATACCCTGGCATGTATGC-3′ (reverse-
ense); PPVMf: 5′- GAAGCATCTGAGACGGAAATTGAG-3′
sense). This primer pair gave an amplified product of about
40 bp of the viral strain coat protein.

.4. Microarray design and construction

The nucleotide sequences of 11 isolates of PPV were retrie-
ed from NCBI GenBank: members of PPV-D strain (X16415,
Y912056, DQ465242, AF401296, D13751); members of PPV-

strain (AJ243957, M92280); a member of PPV-EA strain
AM157175); PPV-SwC (Y09851) and PPV-SoC (X97398),
embers of the PPV-C strain; a member of PPV-W strain

AY912055). Other sequences of PPV isolates were obtained
rom published reports. The sequences were used to design spe-
ific 70-mer oligonucleotides for each isolate that were analyzed
ith EXIQON “Design oligonucleotides for expression arrays”

oftware (http://oligo.lnatools.com/expression/).
The 70-mer oligonucleotides were designed on the basis

f the alignment of the RNA genome of PPV strains and
heir isolates. Homology between individual 70-nt viral frag-

ents and each strain genome of PPV species was assessed
y the nucleotide identity score after BLASTN alignment. 70-
er oligonucleotides were designed to identify and genotype
ndividual PPV strains. Other 70-mer oligonucleotides were
esigned to identify and genotype two or three PPV strains.

universal probe (named V-2) aimed at detecting all the PPV
trains was designed from the most conserved PPV sequences,

G
G
T
T

able 1
0-mer oligonucleotide probes used for the detection and genotyping of PPV and its

PV Selected 70-mer oligonucleotides

solatea Strain Position on the sequence of PPV genome

-CP D 8656–8726
-2 D 8643–8713
-2 D 2940–3010
-1 M 7769–7839
-CP M 8653–8722

oC-1 C 403–473
oC-2 C 1657–1727
wC-1 C 7408–7478
wC-2 C 3099–3169
A-CP EA 8659–8729
-1 W 7403–7473
-3 W 5344–5414

-3 D 2032–2102
A-1 EA 5330–5400
-3 D 9565–9635
-2b D 9609–9679
-3 D 2855–2925
ligo-1 – –
ligo-2 – –

ligo-1 and oligo-2 are 70-mer oligonucleotides with random sequences used as neg
a Abbreviations of PPV isolates: EA, El Amar (PPV-EA); W, Winona (PPV-W)
ennsylvania (PPV-D); SwC, Sweet cherry (PPV-C); V, Vulcan (PPV-D).
b Considered as a universal probe.
al Methods 147 (2008) 118–126

hich is located in the 3′-untranslated region (UTR). The
equence of each oligonucleotide was blasted against the known
ucleotide sequences of PPV isolates and other pathogens and
howed no significant homology to other pathogens or other PPV
trains, except the sequence of the oligonucleotide designed to
etect two or more PPV strains that showed homology between
he specific strains designed to detect (percentage of identity
85.0). Only those 70-mer oligonucleotide probes that do not
elf anneal (analyzed using the DNAMAN software, Lynnon
iosoft, Montreal, Canada) were retained (Table 1).

All oligonucleotides were synthesized with a 5′-amino mod-
fication (Syntezza Bioscience Ltd., Jerusalem, Israel) and
ltraGAPS Microarray Slides (Corning, NY, USA) were printed

t the Medical School of the Hebrew University, Jerusalem. Each
ligonucleotide was suspended at a concentration of 10 �M in
× SSC (1× SSC = 150 mM NaCl, 15 mM sodium citrate, pH
.0). The microarray design was as follows: each subarray con-
ained six rows of ten spots; four subarrays were printed in each
ubarray row; the chip contained four subarray rows (total of 16
ubarrays). The diameter of each spot was 150 �m and the space
etween two spots was 305 �m. Printing was done at 22 ◦C and
0% relative humidity.

Each PPV isolate-specific oligonucleotide was printed in 12
eplicated spots on subarrays (Table 2). Two random sequence
ligonucleotides were printed as negative control:

Oligo-1: 5′-AGTCGTCCAGTGCAGCTAGTTGCAGTC-

TAAAGTCGGAATTGCGTGTGAGCGTACGTTGAGGTT-
AAAC-3′; Oligo-2: 5′-GATTGTGTTTAGACACACACGC-
ATATGCGCGCTATATAGCCCGGGTTTTTTGCTCGTAG-
CTTTAGG-3′.

strains

Position on PPV genes % identity to PPV strain

CP D (100)
CP D (98)
P3 D (100)
NIb M (100)
CP M (100)
P1 C (100)
HCpro C (98)
NIb C (98)
P3 C (98)
CP EA (100)
NIb W (100)
CI W (100)
HCpro D (100), M (100)
CI EA (100), D (88)
CP-3′-UTR D (97), M (90), C (90)
3′-UTR D (95), M (91), C (91), EA (90)
P3 D (100)
– None
– None

ative controls.
; F, Fantasia (PPV-D); SoC, Sour cherry (PPV-C); M, Marcus (PPV-M); P,

http://oligo.lnatools.com/expression/
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Table 2
Representation of the spot position of each 70-mer oligonucleotide probe in the array

70-mer oligonucleotide probea Spot positionb

PPV-EA-1 IA1 IC1 IE1 IB5 ID5 IF5 IA6 IC6 IE6 IB10 ID10 IF10
PPV-W-3 IB1 ID1 IF1 IA5 IC5 IE5 IB6 ID6 IF6 IA10 IC10 IE10
PPV-EA-CP IA2 IC2 IE2 IB4 ID4 IF4 IA7 IC7 IE7 IB9 ID9 IF9
PPV-F-2 IB2 ID2 IF2 IA4 IC4 IE4 IB7 ID7 IF7 IA9 IC9 IE9
PPV-F-3 IA3 IB3 IC3 ID3 IE3 IF3 IA8 IB8 IC8 ID8 IE8 IF8
PPV-W-1 IIA1 IIC1 IIE1 IIB5 IID5 IIF5 IIA6 IIC6 IIE6 IIB10 IID10 IIF10
PPV-SoC-1 IIB1 IID1 IIF1 IIA5 IIC5 IIE5 IIB6 IID6 IIF6 IIA10 IIC10 IIE10
PPV-M-CP IIA2 IIC2 IIE2 IIB4 IID4 IIF4 IIA7 IIC7 IIE7 IIB9 IID9 IIF9
PPV-SoC-2 IIB2 IID2 IIF2 IIA4 IIC4 IIE4 IIB7 IID7 IIF7 IIA9 IIC9 IIE9
PPV-M-1 IIA3 IIB3 IIC3 IID3 IIE3 IIF3 IIA8 IIB8 IIC8 IID8 IIE8 IIF8
PPV-P-2 IIIA1 IIIC1 IIIE1 IIIB5 IIID5 IIIF5 IIIA6 IIIC6 IIIE6 IIIB10 IIID10 IIIF10
PPV-D-CP IIIB1 IIID1 IIIF1 IIIA5 IIIC5 IIIE5 IIIB6 IIID6 IIIF6 IIIA10 IIIC10 IIIE10
PPV-3 IIIA2 IIIC2 IIIE2 IIIB4 IIID4 IIIF4 IIIA7 IIIC7 IIIE7 IIIB9 IIID9 IIIF9
PPV-SwC-1 IIIB2 IIID2 IIIF2 IIIA4 IIIC4 IIIE4 IIIB7 IIID7 IIIF7 IIIA9 IIIC9 IIIE9
PPV-SwC-2 IIIA3 IIIB3 IIIC3 IIID3 IIIE3 IIIF3 IIIA8 IIIB8 IIIC8 IIID8 IIIE8 IIIF8
PPV-V-2 IVA1 IVC1 IVE1 IVB5 IVD5 IVF5 IVA6 IVC6 IVE6 IVB10 IVD10 IVF10
PPV-V-3 IVA2 IVC2 IVE2 IVB4 IVD4 IVF4 IVA7 IVC7 IVE7 IVB9 IVD9 IVF9
Random oligo-1 IVB2 IVD2 IVF2 IVA4 IVC4 IVE4 IVB7 IVD7 IVF7 IVA9 IVC9 IVE9
Random oligo-2 IVA3 IVB3 IVC3 IVD3 IVE3 IVF3 IVA8 IVB8 IVC8 IVD8 IVE8 IVF8

a The probes were designed from the nucleotide sequences of PPV isolates (see Table 1). Abbreviations of PPV isolates: EA, El Amar (PPV-EA); W, Winona
( ); P, P

suba
r

2

3
d
1
w
o
a
t
T
a
w
3
a
M
a

2
c

t
h
p
l
9
i
f
p
(
a

t
fl
r

P
r
Y

2

h
T
t
o
r
f
T
s
H
s
5
a
a

2

PPV-W); F, Fantasia (PPV-D); SoC, Sour cherry (PPV-C); M, Marcus (PPV-M
b For example, the 70-mer oligonucleotide PPV-EA-1 was spotted 12 times in

ows A, C, and E; in line 10 of rows B, D, and F (see Fig. 2).

.5. cDNA synthesis of total plant RNA

The reverse transcription (RT) reactions (final volume of
0 �l) were prepared with 2–5 �g of total RNA, 2 �M ran-
om hexamers and 6 mM oligodT. The mixture was heated for
0 min at 70 ◦C and immediately cooled on ice. To the mixture
ere added 5 mM dithiothreitol, dNTPs/aa-dUTP (a mixture
f 10 mM dGTP, dATP, dCTP each, 2 mM dTTP, and 8 mM
minoallyl-dUTP), 400 units of Superscript III reverse transcrip-
ase with first-strand buffer (Invitrogen Corp., Carlsbad, CA).
he mixture was incubated for 3 h at 50 ◦C, followed by 15 min
t 70 ◦C, and finally for 30 min at 4 ◦C. The cDNA reaction
as incubated with 30 �g RNase A and 2× SSC for 30 min at
7 ◦C (final volume of 50 �l). The cDNA was cleaned using
Microcon YM-30 column (Millipore Corporation, Bedford,
A, USA) dried and suspended in 8 �l of nuclease-free water

nd labeled as described below.

.6. Fluorescent labeling of cDNA with cyanine 3 or
yanine 5

The indirect chemical labeling of cDNA was done according
o the procedure described in the URL (with modifications)
ttp://schnablelab.plantgenomics.iastate.edu/docs/resources/
rotocols/pdf/cDNA microarray.2007.04.01.pdf. Eight micro-
itres of cDNA were added to 1 �l of Na(HCO3)2 buffer pH
.0 and 1 �l of Cy3 or Cy5 dye (Amersham Bioscience, Buck-
nghamshire, UK) suspended in DMSO buffer and incubated

or 18 h at room temperature. The labeled cDNA was ethanol
recipitated and purified using a QiaQuick PCR cleaning kit
Qiagen). Labeling efficiency was monitored by running an
liquot of the Cy3 or Cy5 labeled cDNA on an agarose gel

a
U
f
7

ennsylvania (PPV-D); SwC, Sweet cherry (PPV-C); V, Vulcan (PPV-D).
rray I: in line 1 of rows A, C, and E; in line 5 of rows B, D, and F; in line 6 of

ogether with fluorochromes quantitative standards and reading
uorescence with a Typhoon 9200 (Amersham) fluorescence
eader.

Dye-swapping was performed on the PPV strains PPV-D and
PV-M to balance any interference due to the fluorophore by
epeating the experiment in different slides (Churchill, 2002;
ang and Speed, 2002).

.7. Hybridization

Slides were pre-hybridized for 45 min at 55 ◦C with a pre-
eated (55 ◦C) blocking buffer (1% BSA, 0.1% SDS, 5× SSC).
he slides were then washed with water and dried by centrifuga-

ion for 2 min at 2000 g. The hybridization buffer contained 1 �g
f each purified labeled cDNA (typically 30 pmol of incorpo-
ated dye), 50% formamide, 0.1% SDS, 5× SSC was denatured
or 3 min at 95 ◦C, cooled on ice for 30 s and briefly spun down.
he buffer was applied to the slide and covered with a cover
lip (HybriSlip, Schleicher and Schuell Bioscience, Keene, NH).
ybridization was performed for 20 h at 55 ◦C in the dark. The

lides were then washed with pre-heated 2× SSC, 0.1% SDS at
5 ◦C (5 min, twice), followed by 0.5× SSC, 0.1% SDS (10 min
t an ambient temperature) and finally with 0.05× SSC (5 min
t an ambient temperature, four times).

.8. Scanning

The hybridized slides were scanned using a GenePix 4200A

rray scanner (Axon Instruments Ltd., Aberdeen, Scotland,
K) containing a 532 nm laser for Cy3 and a 635 nm laser

or Cy5 fluorescence measurement. Laser power was fixed at
0% of its potentiality for both lasers, while photomultiplier

http://schnablelab.plantgenomics.iastate.edu/docs/resources/protocols/pdf/cDNA_microarray.2007.04.01.pdf
http://schnablelab.plantgenomics.iastate.edu/docs/resources/protocols/pdf/cDNA_microarray.2007.04.01.pdf
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ube (PMT) power ranged from 45 to 65%, depending on sig-
al intensity. The level of PMT power was selected to balance
he background with the level of spots detection on a slide.
luorescent intensities were quantified by using GenePix Pro
.0 Software (Axon Instruments Ltd.). The DNA spots were
hen identified on the array and located using a Gal file as
eature indicator, such that measurements of fluorescence and
ocal background fluorescence for each DNA spot could be
ecorded. The parameters ‘mean signal–mean local background’
mean Cy3 minus B or mean Cy5 minus B) and the ‘mean local
ackground’ (B) were used in further calculations. Local back-
round was calculated using the adaptive circle method. Signals
ere considered positive if at least fivefold above the local
ackground.

. Results

.1. Identification of PPV isolates used for hybridization
ollowing cloning and sequencing of the coat protein gene

Cloning and sequencing of the coat protein gene of the four
PV isolates, ISPaVe 158.2, ISPaVe 167.4, ISPaVe 172.3, and
SPaVe 148.2 confirmed that they belonged to PPV-D, PPV-M,
PV-EA, and PPV-C strains, respectively. Total RNAs extracted
rom leaves of plants infected with each of the PPV strain were
sed for cDNA synthesis, labeling and hybridization.

.2. Total RNA extraction and cDNA synthesis

On average, 100 mg of tissue yielded about 2.5 �g total
NA. cDNA synthesis using Superscript III RT enzyme was
ery efficient, as the cDNA yield was practically equiva-
ent to the total RNA input, confirming that aminoallyl-dUTP
ncorporation did not interfere with the efficiency of cDNA
ynthesis.

.3. Design of 70-mer oligonucleotide probes

Each of the designed selected 70-mer oligonucleotide probes
Table 1) hybridized to its specific target except one, M-CP. This
ould be due to problems encountered during the printing pro-
ess, unexpected hairpin structures and/or incorrect nucleotide
equences.

The percentage of identity that each oligonucleotide probe
hared with its target was significantly high (Table 1), which
esulted in specific hybridization of the probe to its target. More-
ver, no cross hybridization was observed below 85% identity.
ig. 1 shows the alignment of one of the selected probes, PPV-
-specific PPV-DCP, against PPV strains and PPV-D isolates.
he significantly high identity between the probe and its target

s clearly shown.

.4. Detection and genotyping of PPV strains
The initial microarray hybridization experiments were per-
ormed by using Cy5-labeled cDNA from PPV-D infected
each (ISPaVe 158.2) together with Cy3-labeled cDNA of

(
P
t
s

al Methods 147 (2008) 118–126

on-infected peach seedlings (Fig. 2, panel A). The cDNA
as synthesized from 5 �g of total RNA. Further experiments

howed that 2.0 �g of total RNA could be used without a signifi-
ant loss of signal (data not shown). Hence, 2.0 �g of total RNA
ere used for cDNA synthesis for subsequent hybridizations

Fig. 2, panels B–D).
Hybridizations were dependent on PPV infection. Hybridiza-

ion with a mixture of cDNAs from PPV-D infected
Cy5-labeled) and non-infected (Cy3-labeled) peach leaves pro-
uced only a PPV-related Cy5 signal (Fig. 2, panel A). Similarly
nly the Cy5 PPV-related signals were obtained when a mixture
f cDNAs from PPV-M infected (Cy5-labeled) and TuMV-
nfected (Cy3-labeled) plant samples were used (Fig. 2, panel
).

To test the virus strain specificity of the probes present on
he microarray, the hybridization patterns of cDNA mixtures
btained from plants infected with different PPV strains were
ompared (Fig. 2, panels C and D). In the results shown in
ig. 2, panels C and D; hybridizations were performed with
ixtures of cDNAs from two different PPV strains. In panel C,

he microarray was hybridized with a mixture of cDNAs from
lants infected with PPV-C (Cy5) and PPV-M (Cy3). In panel
, the PPV microarray was hybridized with a mixture of cDNAs

rom plants infected with PPV-EA (Cy5) and PPV-D (Cy3). For
larity, each scan is shown separately.

Each virus strain provided a specific hybridization pattern.
s it is evident from the Cy3 fluorescence images of panels C

nd D, the pattern obtained in conditions of competition with
nother PPV strain is remarkably similar to the one obtained
n double hybridization using cDNA from uninfected plants
panel A) or from TuMV-infected plants (panel B), and it is
eproducible after dye-swapping, including that of PPV-D (pan-
ls A and D) and PPV-M (panels B and C). This observation
uggests that multiplex use of this microarray chip may be
ossible.

Table 3 summarizes the results of the hybridizations and
efines the strain-specificity of the probes. Seventeen PPV
0-mer oligonucleotide probes and two random 70-mer oligonu-
leotide probes were tested for their ability to detect and
enotype PPV strains. The two random oligonucleotides did
ot hybridize to any of the labeled cDNAs, demonstrat-
ng that they were correctly designed to serve as negative
ontrols.

Similarly, the PPV universal probe V-2 corresponding to the
ost conserved PPV sequence (3′-UTR) hybridized with the

our strains tested: D, M, C and EA. Four probes (D-CP, F-2,
-2, V-3) specifically hybridized to PPV-D cDNA. Another four
robes (SoC-1, SoC-2, SwC-1, SwC-2) specifically hybridized
o PPV-C cDNA. One probe (M-1) hybridized specifically to
PV-M isolate. One probe (EA-CP) hybridized to PPV-EA only.
wo probes (F-3, EA-1) hybridized with two PPV strains (each
robe with different strains). The PPV-3 probe hybridized with
hree PPV strains (all except PPV-EA). Two probes for PPV-W

W-1 and W-3) were not tested because of the unavailability of
PV-W infected tissue. These probes, however, did not hybridize

o PPV-D, PPV-M, PPV-C or EA (Fig. 2 and Table 3), which may
uggest their specificity to the PPV-W strain.
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ig. 1. Alignment of the PPV-D-specific 70-mer oligonucleotide probe PPV-CP
rom GenBank. The alignment score of each PPV strain and PPV-D isolate is a

. Discussion

In this study a PPV detection and genotyping method, based
n a combination of viral genomics and long oligonucleotide
NA microarray technology, was developed. The high-
erformance characteristics of long oligonucleotide microarrays
as been documented (Hughes et al., 2001; Wang et al., 2002). To
pply this technology, 70-mer oligonucleotides were designed

o allow the entire spectrum of PPV strains to be detected. Other
ligonucleotides were designed to enable detection of single
trains or a mixture of two or more strains. Plants infected by one
train or by multiple strains (mixed infection) can be detected.

r
P

d

st the nucleotide sequences of PPV strains (A) or PPV-D isolates (B) retrieved
own.

Levy and Hadidi (1994) demonstrated that the 3′-UTR of
he PPV genome is highly conserved in all PPV strains. Thus,

stretch of 70 nucleotides from this region was selected for
icroarray-based detection of all known strains of the virus.
y using the most conserved sequences in individual and all
PV strains, the probability that all known and unknown strains
f PPV could be detected simultaneously using the microarray
as maximized. This could be achieved because of the high
esolution of microarray hybridization to differentiate among
PV strains.

In a significant number of microarray experiments, RNA stan-
ards were used that contain an RNA sample from a particular
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Fig. 2. Detection of PPV strains using the designed 70-mer oligonucleotides PPV microarrays. (Panel A): Hybridization with cDNA of PPV-D infected sample
(Cy5-labeled) and cDNA of non-infected peach (Cy3-labeled). (Panel B): cDNA of PPV-M infected sample (Cy5-labeled) and cDNA of TuMV-infected sample
(Cy3-labeled). (Panel C): cDNA of PPV-C infected sample (Cy5-labeled) and cDNA of PPV-M infected sample (Cy3-labeled). (Panel D): cDNA of PPV-EA infected
sample (Cy5-labeled) and cDNA of PPV-D infected sample (Cy3-labeled). For panels (A) and (B) only the composite image is shown. For panels (C) and (D), the
u nel w
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pper panel shows hybridization with the Cy5-labeled cDNA, and the lower pa
or clarity and to facilitate hybridization analysis. The spot position of each spe

ime point, tissue or a set of reference genes (Iyer et al., 1999;
anduchi et al., 2000; Stingley et al., 2000). RNA standards

ould be problematic and unreliable due to their variability in
elative amounts and their instability (Talaat et al., 2000). Fur-
hermore, using host mRNAs as a reference standard requires
hat their expression is invariant during virus replication. Flu-
rescent dye-labeled genomic DNA was found to be a more
eliable co-hybridization standard for gene expression analyses
n Mycobacterium tuberculosis and in mouse (Talaat et al., 2002;

illiams et al., 2004, 2006), and very recently in the insect bac-
lovirus Choristoneura fumiferena nucleopolyhedrovirus (Yang
t al., 2007). In the present investigation, the use of fluores-

ent dye-labeled PPVcDNA was also found very efficient and
eliable co-hybridization standard for PPV detection and geno-
yping analyses, thus, the need of using RNA standards was
liminated.

C
a
d
s

ith the Cy3-labeled cDNA. The Cy3 and Cy5 composite images are not shown
0-mer oligonucleotide probe in the array is reported in Table 2.

In a first set of experiments (Fig. 2, panels A and B),
he hybridization signal of Cy5-labeled cDNA from peach
eaves infected with PPV was compared with that of Cy3-
abeled cDNA from uninfected or TuMV-infected leaves. These
xperiments demonstrated several superior features of PPV
train detection using DNA microarrays. The PPV signature
as readily detected and identified by specific hybridization

o the appropriate oligonucleotides. cDNA from non-infected
each leaves did not hybridize to any oligonucleotides. Fur-
hermore, dye-swapping experiments (Fig. 2, panels C and
) minimized any bias that may come from the system-

tic differences between green and red intensities of the

y3 and Cy5 dyes respectively and confirmed the reli-
bility of results. The indirect labeling method with Cy
yes coupling after cDNA synthesis enhanced the detection
ensitivity.
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Table 3
70-mer oligonucleotides hybridizing with each PPV strain
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rey rectangles indicate positive hybridization to individual strains (D, M, C,
nd EA). Results were derived from microarray hybridizations (Fig. 2).

In previous reports aimed at detecting plant pathogens using
icroarrays, labeling was obtained by incorporation of Cy-

abeled nucleotides during a PCR step (Call et al., 2003).
lternatively, in some cases (Boonham et al., 2003; Lee et

l., 2003; Abdullahi et al., 2005), labeling was performed dur-
ng the reverse transcription step of total RNA with Cy-labeled
ucleotides. This usually resulted in a decrease in the amount of
DNA obtained, possibly because of steric constrains imposed
y the Cy modification.

Only recently a report proposed a method for plant virus
etection that couples the use to oligonucleotide microarrays
ith indirect fluorochrome labeling (Bystricka et al., 2005). The
rocedure used in the present study eliminated the PCR amplifi-
ation step that is usually performed to increase the sensitivity of
his technology. High sensitivity is crucial for PPV diagnosis as
t is found at a low titer in infected tissue and it is irregularly dis-
ributed in infected stone fruit trees. By eliminating the PCR step,
he identification of PPV and its strains is limited only by the
pectrum of the virus and strain probes present on the microar-
ay. This is in contrast to PPV RT-PCR detection methods, which
re restricted by the initial selection of targets and corresponding
rimers. Even when degenerate RT-PCR is used, the range of tar-

et strains may be narrow as an unambiguous identification may
equire additional labor intensive procedures such as restriction
nzyme analysis, sequencing or hybridization of the PCR prod-
cts (Candesse et al., 1998b; Vinje and Koopmans, 2000; Liolios

C

al Methods 147 (2008) 118–126 125

t al., 2001; Wang et al., 2002). A DNA microarray composed
f carefully selected PPV strain sequences bypasses these lim-
tations and yields an extremely broad-reaching and unbiased
etection strategy.

An oligonucleotide DNA microarray diagnostic tool for PPV
nd its strains as described in this study has many uses, such
s in PPV certification and quarantine programs, studying PPV
pidemiology in stone fruit orchards, insect transmission of the
irus and its host range and should be of a great help in facilitat-
ng the discovery of new PPV strains. An oligonucleotide DNA

icroarray containing the complete PPV genome sequence may
e used for studying PPV–host gene interaction, especially those
f thale cress Arabidopsis thaliana whose genome size is 130 Mb
nd its complete nucleotide sequence has been published and/or
each Prunus persica whose genome size is 270 Mb and cur-
ently is being sequenced (Pennisi, 2007). These studies may
ead to the development of plants resistant or tolerant to PPV
nfection. Thus PPV oligonucleotide DNA microarrays have the
otential to be used in disease management and PPV control
hich have direct effect on security of the food supply.
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